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Abstract: Hop cones, due to their essential flavor, are one of the four main ingredients for beer
production. The paper reports the results on an investigation of the densification process of hop cones.
This experiment investigated (i) the effects of compression pressure in the range of 40 to 80 MPa and
pressure application time in the range of 10 to 40 s on the final density and durability of the compacts
made from hop cones and ii) the specific compression energy required for the process. The specific
compression energy requirements to compact hop cones ranged from 14.20 to 24.48 kJ kg−1. The final
compact density values ranged from 515.2 to 876.6 kg m−3, while the durability percentage calculated
ranged from 71% to 91%. The obtained results highlighted that compression pressure—in the range
of 40–80 MPa—significantly affects the specific compression energy requirements, the final density
and the durability of the produced compacts. In this experiment, pressure application time plays a
key role in determining compacts density, while did not affect durability and compression energy
requirements. Considering the specific compression energy values calculated in this experiment,
it can be stated that the pressure agglomeration method described to compact hop cones is more
efficient than pelletizing process which is typically characterized by specific energy values ranging
from 19 to 90 kJ kg−1.
Keywords: Humulus lupulus L.; hydraulic press; compressive pressure; durability; bulk density;
specific compression energy
1. Introduction
Hop (Humulus lupulus L.) is a spontaneous plant in central Europe, nowadays, widely cultivated
in all temperate areas [1]. According to statistics from Food and Agriculture Organization of the
United Nations (FAO) published in 2016 [2], the total amount of hops harvested worldwide was about
346,000 tonnes from an area of about 93,000 ha (http://faostat.fao.org). The main hops producers in the
world are Germany, China and U.S.A., with the European production ranging between 50% and 62%
of the world production [3]. The female flowers, the cones, are used in the brewing industry. The bitter
hop-compounds (approximately 17–55 ppm of iso-a-acids), being toxic especially for Gram-positive
bacteria, contribute with the ethanol to build an unfavourable medium for many microorganisms [4].
These properties have been used for many centuries but nowadays hops are included into to brewing
recipe to give the beer its specific hallmarks with the flavours of the selected hops: traditional aroma
varieties are responsible for spicy or herbal ‘noble hop aroma’ while flavour hops give tropical fruit,
citrus, pine, or flowers aromas in beer [5]. Among the latter, the Cascade variety, thanks to its floral
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and citrusy aromas and bitterness, is considered the main culprit of the craft beer explosion that has
transformed the beer business [6].
The high moisture content (about 75%) of fresh hop cones is one of the most limiting factors for
their use in the brewing industry. According to Krofta et al. [7], in order to prevent hop cones
degradation, reducing their moisture content under 12% immediately after harvest is strongly
recommended. Furthermore, the low bulk density (about 25 kg m−3), negatively affects hop cones
transportation, handling and storage, representing an additional obstacle for their industrial use.
The density of biomass is an important parameter for technologies, is termed “densification” and
is widely used in the biomass fuel industry [8]. As highlighted by many authors [9–12], densification
processes, such as pelletizing, increase the biomass bulk density from an initial value of 40–200 kg m−3
to a final one higher than 800 kg m−3. Thus, densification of biomass material could reduce the costs of
transportation, handling and storage [13]. Typically, two techniques have been used for densification:
tumble and pressure agglomeration [13]. In tumble agglomeration, densified products are formed by
means of suitable movement of the bulking materials containing binder in machinery such as balling
discs, balling cones and balling drums. In pressure agglomeration, densified products are formed by
applying high forces to a mass of bulking materials within a confined volume [13].
Typically, hop cones are densified into pellet form [7,8,14]. Before pelletizing, hop cones are
reduced to a fine powder with predominating particle dimension to 0.5 mm. After homogenization,
the powder is forced through the holes of the metal matrix and is compressed in pelletized form [15].
However, due to the friction generated by the pressure between the holes and rollers which force the
particulate material through the perforations, pellet production requires a high energetic input [16].
According to Tumuluru et al. [17], the energy required to overcome friction during pelletizing ranged
from 60% to 63% of the total energy input needed for the process. The high energy requirement which
characterizes pelletizing process has been confirmed by Tabil and Sokhansanj [18] which calculated,
in their study focused on alfalfa pellet manufacturing, a specific energy value ranging from 19 to
90 kJ kg−1.
Considering the high energetic input to form hop cones pellet, this paper reports studies aimed
at investigate alternative densification process of dry hop cones. In particular, two specific aspects
were examined: (i) the physical characterization of the compacts obtained by the densification process,
in terms of density and durability, being the properties that, as affirmed in many studies [18–20],
mostly affect compacts quality; (ii) the specific energy requirement for hop compacts production under
different compressing conditions.
2. Materials and Methods
2.1. Hop Cones Characterization
The investigated cones have been harvested at the end of September 2017 from 3 years old
plantation of hop variety Cascade farmed in Piedmont region in North West Italy. The initial moisture
content and bulk density values of harvested cones were 75% and 24 kg m−3, respectively.
Hop cones moisture content has been calculated according to the American Society of Agricultural
and Biological Engineers (ASABE) Standard S358.2 [21]. Samples moisture content was obtained by
oven drying at 103◦ for 24 h. The moisture content values showed in the present study are on a wet
mass basis.
The ASABE Standard S269.4 [22] was used to determine the initial bulk density of the hop cones.
The standard requires pouring the investigated biomass into a cylindrical container characterized by a
volume equal to 0.05615 m3. The material is levelled across the top of the surface of the container and
weighed. The biomass density value, expressed in kg m−3, is obtained by dividing its mass per unit
volume. The bulk density values reported in this article are the mean of five measurements.
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2.2. Hydraulic Compacts Press
A prototype hydraulic press was used to compact hop cones. The compaction equipment consists
of two opposite hydraulic cylinders. The unit, fitted with an oil-hydraulic system, is able to deliver up
to 297 kN in a time variable from 0 to 210 s. Different compressing chambers can be used, as needed.
The hydraulic cylinders are fitted with load cells (model TMT–HY–C/PS, max rated load 200 kN, LCM
Systems, Newport, Isle of Wight, UK) giving signals proportional to the compressing force. The top of
the plunger is connected to a potentiometric displacement sensor (model LT-M-0500-S, 500 mm full
stroke, Gefran SpA, Provaglio d’Iseo, Italy) giving the exact position and volume of the compressing
chamber. A pressure transducer (sensor 3100 series, 0–250 bar, Gems Sensor & Controls, Plainville,
CT, USA) is mounted on the oil feed line. Signals from the load cells and displacement transducer
are processed using a pc-based acquisition system (DS-NET with BR8 module, Dewesoft, Trbovlje,
Slovenia) able to acquiring up to 10 ks s−1. See Pampuro et al. [11,23] and Cavallo and Pampuro [12]
for more details of the equipment.
For this specific experiment a chamber with an internal diameter of 45 mm and a volume equal to
440 cm3 has been used while. The sampling rate was set at 1 ks s−1.
Specific software (Dewesoft 7.0, Trbovlje, Slovenia) was used to record data and for the post
processing operations.
2.3. Compacts Production and Specific Compression Energy Calculation
Before performing compaction tests, to prevent hop cones degradation, their moisture content
was reduced to 10% [7] by drying in an oven set to 60 ◦C [24]. The moisture content was selected
after review literature that report 10% as the most appropriate moisture level to obtain high quality
compacts from different biomass [9–11,25].
To form compacts, 40.0 ± 0.5 g of dried hop cones were used. Compaction tests were performed
investigating three preset pressures, 40, 60 and 80 MPa corresponding to 63.1, 94.6 and 126.1 kN
respectively, and two pressure application times, 10 and 40 s. The experiment was carried out without
adding any binder or additive to the investigated material.
Compaction test included six treatments: hop cones compacts obtained by applying pressure
of 40 MPa for 10 s [L_10_40]; hop cones compacts obtained by applying pressure of 40 MPa for 40 s
[L_40_40]; hop cones compacts obtained by applying pressure of 60 MPa for 10 s [L_10_60]; hop cones
compacts obtained by applying pressure of 60 MPa for 40 s [L_40_60]; hop cones compacts obtained
by applying pressure of 80 MPa for 10 s [L_10_80]; hop cones compacts obtained by applying pressure
of 80 MPa for 40 s [L_40_80]. For each combination of pressure and pressure application time, ten
compacts were produced.
Figure 1 shows hop cones before and after compaction tests.
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After compression, the base plate of the experimental press was removed and the upper plunger
was used to eject the hop cones compact from the compression chamber. A digital caliber was used to
measure length and diameter of each densified sample, while the mass of the compacts was determined
by means of a digital balance (accuracy 0.01 g). The hop cones compact density (kg m−3) was calculated
by ratio of mass to volume. According to Li and Liu [25], density was determined 2 min after sample
ejection from the compression chamber.
Force-displacement data were recorded during the compaction test (Figure 2). To calculate the
Specific Compression Energy (SCE) required for hop cones compaction, the methodology proposed
by Pampuro et al. [11], Cavallo and Pampuro [12], Adapa et al. [26] and Mani et al. [27] was adopted.
It consists in integrating the area under force-displacement curve; when combined with the compact
mass, it yielded the specific energy value in kJ kg−1.
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2.4. Compacts Durability
The ASABE Standard 269.4 [22] was adopted to determine the durability of the hop cones
compacts. This Standard requires a rotating tool characterized by internal dimensions of 300 mm ×
300 mm × 460 mm and external cover made of mesh (12.5 mm), with a horizontal axis of rotation.
According to the Standard, to determine the hop cones compacts durability, 10 samples were
tumbled for 3 min at 40 rpm. hen overturned, compacts are attritioned due to impacts among
themselves and against the inner surface of the rotating device. After overturning, samples are sieved
through a mesh of a diameter approaching 0.8 times the initial diameter of compacts. The durability,
reported as percentage, has been calculated as the ratio between the weights of the samples after and
before the tumbling operation, multiplied by 100. The durability values reported in this article are the
mean of five measurements.
2.5. Statistical Analysis
SPSS software v.24 (IBM Corp. Armonk, NY, USA) was used to perform the analysis of variance
(ANOVA) and post hoc analysis at 5% significance level. Post hoc analysis was conducted according
to Duncan’s test method to determine the influence of pressure and pressure application time on
density, durability and specific compression energy. To check the normality of data distribution and
assumption of equal variance Shapiro-Wilk and Levene tests were used, respectively.
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3. Results and Discussion
3.1. Compacts Density
As highlighted in many studies [19,23,28], compacts density plays a key role in determining
handling and storage procedures to preserve their integrity.
Duncan’s test showed significant effect (p < 0.05) of compression pressure and pressure
application time on compacts density. However, not significant interaction (p > 0.05) between the two
above-mentioned parameters was detected.
Figure 3 shows the relationship between compression pressure and compacts density at different
pressure application time (10 and 40 s). Results from the experiment (data not shown) highlighted that,
when the applied pressure was lower than 40 MPa, hop cones could not be compacted. Beyond this
pressure level, the compacts density ranged from 515.2 to 876.6 kg m−3 depending on the combination
of compression pressure and pressure application time. More in detail, by applying compression
pressure between 40 and 80 MPa, the mean density values of hop cones compacts increased significantly
(p < 0.05) from 515.2 to 793.5 kg m−3 and from 580.7 to 876.6 kg m−3 for pressure application time
equal to 10 s and 40 s, respectively.
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Cavallo and Pampuro [12] investigating different woody biomass with about 10% of moisture
content (wet mass basis) obtained by applying compression pressure between 20 and110 MPa compacts
density values in line with those obtained in this study. Results of the experiment are slightly lower than
those obtained by Kaliyan and Morey [29] for compacts made from corn cobs (1030.7–1112.1 kg m−3).
Even if the moisture content of the investigated material was equal to those of this study (about 10%
on wet mass basis), the higher pressure applied (150 MPa) significantly affected the final compacts
density of corn cobs. Though Demibras [30] used higher pressure (200–800 MPa) for briquetting wheat
straw and waste paper, the author reported compacts density values in the range of 90–350 kg m−3 and
200–400 kg m−3 for wheat straw and waste paper, respectively. We suspect that the lower density value
obtained is related to the lower moisture content of the investigated feedstock (7% on wet mass basis).
3.2. Compacts Durability
As highlighted by Tabil and Sokhansanj [18] and by Kaliyan and Vance Morey [9], durability
indicates the ability of densified material to withstand shear and impact force during handling, storing
and transportation. Many authors [12,18,19,23,31,32] considered durability value high when the value
is higher than 80%, medium when the value is in the range 70–80%, and low when the value is lower
than 70%. Low compacts durability is typically not appreciated as it can cause problems such as health
hazard and inconvenient environment for the workers due to the production of fines during handling,
transport and storage [33]. In this context, Ruiz Celma et al. [28] affirmed that the higher compacts
durability the higher compacts quality.
Durability results obtained in this experiment are plotted in Figures 5 and 6. More in detail,
Figure 5 represents the relationship between applied compression pressure and compacts durability,
while Figure 6 shows the average durability values obtained by compressing hop cones with three
compression pressure levels (40, 60 and 80 MPa) and two pressure application times (10 and 40 s).
For applied pressures of 40, 60 and 80 MPa, the mean durability values obtained were 71%, 82% and
90% considering pressure application time equal to 10 s and 74%, 84% and 91% for pressure application
time equal to 40 s.
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applied pressure of about 50 MPa, Santamarta et al. [36] calculated SCE values higher than those 
needed to compact hop cones, probably because of the different characteristics of the bulk materials 
investigated. 
. ilit l i i i
, ) r li ti ti es (10 a 40 s).
Kaliyan and Vance Morey [34] reported a comparable durability of 50–97% for corn stover
briquettes obtained with a compression pressure in the range of 100–150 MPa.
Duncan’s test highlighted a significant effect (p < 0.05) of compression pressure on compacts
durability, while this compact property is not affected by pressure application time. This result
is in accordance with the study conducted by Adapa et al. [10] in which they highlighted that
applied pressure had a significant effect on compacts durability. Similarly, Kaliyan and Vance
Morey [34] indicated that compression pressure significantly affects the durability of corn stover
or switchgrass briquettes.
3.3. Specific Compression Energy—SCE
In this study, no significant effect (p > 0.05) of pressure application time on SCE required for
hop compacts production was found (according to the Duncan’s test) This result is in line with the
studies conducted by Pampuro et al. [11] and by Cavallo and Pampuro [12] focused on compaction of
composted pig slurry solid fraction and different woody biomasses, respectively.
Figure 7 shows the average specific compression energy values required for compressing hop
cones with three compression pressure levels (40, 60 and 80 MPa) and two pressure application times
(10 and 40 s), while Figure 8 represents the relationship between applied compression pressure and
specific compression energy.
As reported by Adapa et al. [10] in their investigation, the results obtained in this study highlighted
that the SCE significantly (p < 0.05) increased when the pressure rises from 40 to 80 MPa. More in
detail, to produce compacts made from hop cones, the average specific compression energy absorption
increased from 14.20 to 24.48 kJ kg−1 (Figure 7).
As affirmed by Mani et al. [35], the energy requirements is strongly related not only to the applied
pressure and moisture content, but also to the physical properties of the investigated material and to
the densification technology. Mani et al. [27], in their investigation focused on compression of 10%
moisture wheat straw using a 30 mm die diameter and a compression pressure in the range 5–15 MPa,
found specific compression energy values lower than those obtained in this study. The main reason
for the difference is that the applied pressure adopted by Mani et al. [27] was much lower than the
pressure levels applied for the compression of the hop cones. To compact oilseed rape straw under the
same experimental conditions described in this study—moisture content of 10% and applied pressure
of about 50 MPa, Santamarta et al. [36] calculated SCE values higher than those needed to compact
hop cones, probably because of the different characteristics of the bulk materials investigated.
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4. Conclusions
With the aim to obtain knowledge about the densification process of hop cones, a series of
compaction tests were carried out, considering three compression pressure levels (40, 60 and 80 MPa)
and two pressure application time (10 and 40 s) by means of prototype hydraulic press.
The results obtained highlighted that compression pressure—in the range of 40–80 MPa—significantly
affects the specific compression energy requirements, the final density and the durability of the produced
compacts. According to results from the experimentation the pressure application time play a key role in
determining compacts density, while did not affect durability and compression energy requirements.
The specific compression energy values calculated on dried hops cones compaction varies between
14.20 to 24.48 kJ kg−1, lower than that required for the pelletizing process, where the specific energy
values ranges between 19 and 90 kJ kg−1. According to these values, the adoption of compaction
process can contribute to reduce the energy input in the brewing industry without compromising the
logistic and storage features it requires.
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